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ABSTRACT: Residential coal combustion is a signiﬁcant
contributor to particulate urban air pollution in Chinese mega
cities and some regions in Europe. While the particulate
emission factors and the chemical characteristics of the organic
and inorganic aerosol from coal combustion have been
extensively studied, the chemical composition and nonmethane
organic gas (NMOG) emission factors from residential coal
combustion are mostly unknown. We conducted 23 individual
burns in a traditional Chinese stove used for heating and cooking
using ﬁve diﬀerent coals with Chinese origins, characterizing the
NMOG emissions using a proton transfer reaction time-of-ﬂight
mass spectrometer. The measured emission factors range from
1.5 to 14.1 g/kgcoal for bituminous coals and are below 0.1 g/
kgcoal for anthracite coals. The emission factors from the
bituminous coals are mostly inﬂuenced by the time until the coal is fully ignited. The emissions from the bituminous coals are
dominated by aromatic and oxygenated aromatic compounds with a signiﬁcant contribution of hydrocarbons. The results of this
study can help to improve urban air pollution modeling in China and Eastern Europe and can be used to constrain a coal burning
factor in ambient gas phase positive matrix factorization studies.
■ INTRODUCTION
Coal combustion has been recently identiﬁed as an important
source of primary organic aerosol in urban areas in China.1−5
Also in some regions in Europe, e.g. Poland, residential coal
combustion is the dominant source of particulate air pollution
outdoors as well as indoors.6 Recent studies also indicate that
coal combustion could be an important source for both severe
outdoor air pollution and indoor air pollution in India.7,8 While
the emission factors and chemical composition of the organic
carbon (OC) and elemental carbon (EC) or black carbon (BC)
emitted by residential coal combustion have already been studied
to a certain extent,9−14 there are, to our knowledge, only three
studies so far investigating the gaseous emissions from residential
coal combustion.15−17 Most of the compounds reported in these
studies are toxic in higher concentrations and can act as
precursors for ozone production or secondary organic aerosol
(SOA) formation.
For creating emission inventories used for air pollution
modeling and assessing impacts on indoor and outdoor air
quality a complete picture of the emission factors and chemical
composition of the nonmethane organic gases (NMOG) is
needed. However, all three studies so far available measured the
gaseous compounds oﬄine with gas or liquid chromatography
methods focusing on alkanes, alkenes, aromatics, and carbonyls,
neglecting nontraditional volatile organic compounds like
oxygenated aromatics which are highly toxic18 and have been
recently identiﬁed as important precursors for SOA formation
from residential wood combustion.19 The studies also indicate
that the emissions from residential coal combustion vary
signiﬁcantly depending on the stove used as well as the type
(sub-bituminous, bituminous, or anthracite), form (coal dust,
briquettes, or honeycomb briquettes) and origin of coal burned.
This indicates that more studies with diﬀerent coal and burner
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combinations are needed to better capture the diversity of
combinations used in real world applications.
In our study we report the emission factors and chemical
composition of theNMOG emissions from ﬁve diﬀerent Chinese
coals burned in a traditional Chinese stove used for heating or
cooking as measured online with a proton transfer reaction time-
of-ﬂight mass spectrometer (PTR-ToF-MS). This data can be
used to improve emission inventories in order to better constrain
the inﬂuence of NMOG emitted by residential coal combustion
on indoor and outdoor air quality in China, India, and parts of
Europe.
■ METHODS
Experimental Setup and Procedure. Five diﬀerent
Chinese coals (Table 1) were burnt in a widely used Chinese
coal burner to investigate the emission rates and the chemical
composition of the NMOG produced by residential coal
combustion. The results of this study are derived from 23
individual burning experiments (Table S1). Three coals were of
the bituminous type (from Ningxia (B1), Inner Mongolia (B2),
and Yunnan (B3)) and two of the anthracite type (from Shanxi
(A1) and Shaanxi (A2)). The coals used in this study are
classiﬁed into anthracite and bituminous coal based on their
volatile matter content (Vdaf). According to the national
standards of the People’s Republic of China (GB/T 5751-
2009), Vdaf for anthracite coal is less than or equal to 10%,
whereas bituminous coal has much higher Vdaf (>10%). Volatile
matter contents of coals used in this study were measured by
Shaanxi Coal Geological Laboratory Co., Ltd., China, on the
basis of the national standards of the People’s Republic of China
(GB/T 212-2008). The small burner in which the coal was
burned was situated in a containment connected to a chimney.
The dimensions of the typical Chinese coal burner are 51 cm ×
31 cm (height × diameter). The emissions were extracted from
the chimney with a ﬂow rate of about 1.5 l/min and led through a
heated (180° C) silco steel line to a dilution system consisting of
two subsequent ejector diluters (Dekati Ltd., Kangasala,
Finland). The ﬁrst diluter was heated to 180° C, the second
diluter was unheated, both diluting the emission by a factor of 10
with zero air (737-250 series, AADCO Instruments, Inc., USA)
resulting in a total dilution factor of about 100. After the dilution
the emissions were transported to the gas-phase instruments
through a short unheated Teﬂon line. A similar setup was used
for a previous study20 and showed no signiﬁcant losses for C10
and C15 compounds. The temperature in the combustion
chamber was monitored with a thermocouple probe situated
closely above the coal. A schematic of the setup and the burning
procedure can be found in the Supporting Information (Figure
S1).
To ignite the coal, ﬁrst a honeycomb briquette of the A1 coal
was ignited with wooden biomass in a separate burner, and this
was then used to ignite about 200 g of the A1 coal in the sampling
burner. After about 1 h when the coal was fully ignited and the
temperature above the coal reached 650 C° the background of
the A1 coal was measured for at least 5 min. Then about 200 g of
the sample coal (in pieces with approximately the same size)
were put into the burner. The emissions were sampled for at least
half an hour; by then typically the NMOG emissions dropped to
almost zero due to the coal being completely ignited. For every
coal we sampled twice the whole time until the coal was
completely burned down in order to be sure that there were no
signiﬁcant NMOG emissions after the coal was burning (Figure
S2). The carbon content of the diﬀerent coals was determined by
combustion of 100−300 mg of coal sanded down from bigger
chunks, in an elemental analyzer (Flash HT, Thermo-Fisher).
Instrumentation. For the characterization of the NMOG
emissions and estimation of the emission factors we used a
proton transfer reaction time-of-ﬂight mass spectrometer (PTR-
TOF-8000, Ionicon Analytik Ges.m.b.H., Innsbruck, Austria)
measuring in the H3O
+ mode. In this way the PTR-ToF-MS
measures NMOGwith a proton aﬃnity higher than that of water,
including carbonyls, acids, and aromatic hydrocarbons, as well as
alkanes with more than eight carbons and alkenes with more than
two carbons. Detailed information about the instrument can be
found in the works of Graus et al.21 and Jordan et al.22 The time
resolution of the measurements was set to 10 s and the MCP
voltage was set to 2300 V. The instrument was operated with a
drift voltage of 545 V, a chamber temperature of 60 °C, and a drift
pressure of 2.2 mbar resulting in an energy density (E/N) of
about 120 td in the drift tube. The extraction voltage (Udx) was
set to 35 V. The mass accuracy and the relative transmission
eﬃciency were routinely monitored by measuring calibration gas
from a gas bottle containing aldehydes, ketones, aromatic
compounds and trichlorobenzene (each 100 ppb in nitrogen)
with an m/z range from 31 to 181.
The data was analyzed using the Tofware postprocessing
software (version 2.4.2, TOFWERK AG, Thun, Switzerland;
PTR module as distributed by Ionicon Analytik GmbH,
Innsbruck, Austria), running in the Igor Pro 6.3 environment
(Wavemetrics Inc., Lake Oswego, OR, USA). The measured
counts per seconds were converted to concentrations as
described in the work of Klein et al.23 without applying a
fragmentation correction. As reaction rates against H3O
+ we used
if known the literature values for our E/N24 and otherwise a
reaction rate of k = 2 × 10−9 cm3/s. The concentrations
calculated are known to have an error of 10−15% if measuring
high enough concentrations and provided good calibration of the
instrument.25 A list with all the ﬁtted ions, applied k-rates and
family assignment of the ions can be found in the Supporting
Information (Table S2). The concentration of water clusters in
the drift tube was always less than 5% of the concentration of
H3O
+ ions and therefore not considered for the calculations.
CO2 was measured using a CO2/H2O analyzer (Li-7000, LI-
COR Environmental, Lincoln, USA) and methane as well as
nonmethane hydrocarbons (NMHC) were measured using a
ﬂame ionization hydrocarbon detector (FID, APHA-370, Horiba
Ltd., Kyoto, Japan).
Emission Factor Calculation. To be able to compare the
emissions from coal combustion to other emission sources we
calculated theNMOGemission factors per kilogram coal burned.
First the calculated concentrations were corrected for the exact
dilution calculated from the diﬀerence of inﬂow to outﬂow of the
ejector dilutors double checked with the dilution ratio of
methane before and after dilution. The emissions were integrated
over the ﬁrst half hour after the start of the experiment and
Table 1. Type, Origin, Volatile Matter Content (Vdaf), and
Carbon Content (CC) of the Coals Used for This Study
coal type origin Vdaf [%] CC [%]
A1 anthracite Shanxi 6.85 78.2
A2 anthracite Shaanxi 8.28 77.3
B1 bituminous Ningxia 29.70 70.8
B2 bituminous Inner Mongolia 33.11 62.8
B3 bituminous Yunnan 28.49 71.9
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corrected for the background measured before addition of the
sample. The emission factors were calculated according to eq 1:
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where Ci is the concentration of a given compound, Cc is the
integrated carbon emissions from the coal retrieved from the
integrated CO2 emissions measured during the full cycle
experiments, and CC is the carbon content of the coal given in
Table 1. The carbon emissions of CO, CH4, and the NMOG
were always below 5% of the carbon emissions due to CO2 and
therefore neglected. The CO2 emissions had to be corrected for
the background from the A1 coal used to ignite the sample coal.
We estimated the CO2 background from the amount of A1 coal
used for ignition and the time the A1 coal was lit before adding
the sample coal.
■ RESULTS AND DISCUSSION
Coal Burning Emission Factors. More than 95% of the
NMOG emissions of residential coal combustion are released
within the ﬁrst 15−20 min after the coal is put into the stove. We
deﬁne the time until full ignition as the time from the start of the
experiment until the total NMOG emissions drop below 5% of
their peak value (yellow shaded area in Figure 1). To validate this
method we compared the ignition times calculated from the
evolution of either methane or total NMOG using the 5%
threshold (Figure 2A). The estimated times until full ignition of
NMOGs and methane are well-correlated (R2= 0.91, slope =
1.04). The ignition times also correlate well with times calculated
by using ten times the standard deviation as threshold
concentration (Figure S3). During the ﬂaming phase the
NMOG emissions are close to the detection limit of our
instruments (Figure 1). The carbonmixing ratios calculated from
the PTR-ToF-MS mass spectra compare well with the mixing
ratios measured by the FID, showing that there are no signiﬁcant
emissions of smaller alkanes and alkenes which are not measured
by PTR-ToF-MS. In general the FID does not eﬃcientlymeasure
oxygenated compounds, but the oxygenated aromatics we detect
with the PTR-ToF-MS should have response factors above 0.8.26
The length of the starting phase (time until full ignition) shows
an exponential behavior, decreasing with increasing average
temperature in the combustion chamber during the starting
Figure 1.Time series of a typical coal burning experiment (B1) for methane (CH4), total nonmethane hydrocarbons (NMHC)measured with the FID,
total nonmethane organic gases (NMOG) measured with the PTR-ToF-MS, carbon dioxide (CO2), and the temperature in the combustion chamber.
The concentrations of methane, NMHC, and NMOG are background corrected. All concentrations are after 100 times dilution. The yellow shaded area
begins when the sample coal is introduced and ends when complete ignition is achieved and the ﬂaming phase begins.
Figure 2. Correlation of the time until the coal is ignited (ignition time) with the average chamber temperature during the starting phase (B) and the
inﬂuence of the ignition time on emission factors (C, D). Panel A compares the ignition times calculated from the evolution of either NMOG or CH4.
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phase (Figure 2B). The time until full ignition is inﬂuenced by
the amount of coal used, the size of the pieces, and the
temperature of the coal used to ignite the sample. Even though
we tried to keep these parameters constant, the longest starting
phase is three times longer than the shortest one. The results
indicate that the nature (structure) of the coal could also play a
signiﬁcant role with B2 having shorter ignition times than B3
(Figure 2D).
The total NMOG emission factors of the bituminous coals in g
per kg coal varied by more than a factor of 5 between the coals as
well as for the same coals (Figure 2C). The emission factors for
the B1, B2, and B3 coal range from about 2.0 to 14.1, 1.5 to 4.8,
and 4.8 to 9.7 g/kg, respectively. The total NMOG emission
factors of the anthracite coals are 0.1 g/kg close to the detection
limit of the instruments. The spread in emission factors within
the coals but also between the bituminous coals can be explained
by the diﬀerent times until ignition. The emission factors increase
exponentially with an increasing time until full ignition for all the
three tested bituminous coals. It seems that the B3 coal takes
generally longer to ignite than the B2 coal, probably due to
diﬀerent degrees of layering as shown in the next section. Our
results indicate that enhancing starting conditions (higher
temperatures, smaller pieces) in the stoves or using anthracite
instead of bituminous coals could help reducing NMOG
emissions from residential coal combustion signiﬁcantly.
Our emission factors compare well with previously reported
volatile organic compound emission factors from bituminous
coal smoldering combustion of 5.4 ± 2.0 g/kg reported by Liu et
al.15 even though the chemical composition reported by Liu et al.
is quite diﬀerent from the one in this study as shown in the next
section. Tsai et al.16 report much lower NMHC emission factors
than observed in this study for the combustion of honeycomb
briquettes. These are easier to ignite so most likely the time until
full ignition is shorter, and they partly consist of clay which
reduces the emission factor per kilogram. On the other hand, the
emission factors of 5 and 6.5 g/kg total NMHC for washed and
unprocessed coal powder,16 respectively, compare well with the
results of this study. The NMOG emission factors from
residential coal combustion are comparable to the NMOG
emission factors from residential wood combustion of 6.0 ± 5.0
g/kg for beech,27 6.7 g/kg for oak,28 and 6.2−55.3 g/kg for a
hardwood mixture.29 In recent years, residential wood
combustion has received considerable attention as a signiﬁcant
NMOG source, and these results indicate that residential coal
combustion should likewise be considered. All the emission
factors of this study in grams per kilogram of coal can be found in
the Supporting Information (Table S3).
Chemical Composition. The emissions from the anthracite
coal are close to the detection limit of the instrument, thus the
chemical composition is quite uncertain (Figure 3). The
emissions from the bituminous type coals are dominated by
aromatic compounds. The composition of the B1 and B2 coal are
comparable with about 25% aromatic and oxygenated aromatic
compounds as well as 10% hydrocarbon-like compounds and
20% other compounds (unknown chemical structure and
fragments), most likely derived from higher molecular weight
alkanes. B3 emits about 50% aromatic compounds but much less
oxygenated aromatic compounds (10%) than B1 and B2. The
reason for these diﬀerences is most likely a diﬀerent nature of the
coals due to diﬀerent temperatures and pressures during the
formation of the coals.30 The emissions of the bituminous coals
are dominated (35−50%) by nine oxygenated and non-
oxygenated compounds as well as C3H7
+ which is due to propene
and/or fragments from larger alkanes. These ﬁndings are in large
contrast to the chemical composition of emissions from coal
combustion recently reported by Liu et al.15 Liu et al. reported
that alkane, alkene, and carbonyls comprised up to 70% of
emissions from smoldering coal combustion, with 30%
contribution from aromatic compounds. One reason for this
diﬀerence can be that Liu et al. missed the oxygenated aromatics
due to the use of GC-MS measurements. A second reason is that
they reported quite high amounts of small alkanes and alkenes,
measured by GC-MS, which we are not able to detect with the
PTR-ToF-MS. However, due to the good agreement between
the carbon mixing ratios derived from our PTR-ToF-MS
measurements and the NMHC carbon mixing ratios retrieved
from the THC monitor (Figure 1), we conclude that these
compounds do not signiﬁcantly contribute to the emissions of
Figure 3. Relative contributions of diﬀerent families to total NMOGmass (upper panel), the emission factors of these families (middle panel), and the
compounds contributing more than 3% to the total mass (lower panel) from burning ﬁve diﬀerent coals as measured with the PTR-ToF-MS. The
number in brackets are the number of repeats. The error bars depict the standard deviation for B1, B2, and B3 and the range of results for A1 and A2.
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the coals measured during this study. This is supported by the
ﬁnding of Nelson and Tyler31 that volatilization of aliphatic
compounds trapped in the coal structure has only a small yield
from coal pyrolysis.
Emissions from B1 and B2 are dominated by phenol (C6H6O),
cresols (C7H8O), toluene (C7H8), benzene (C6H6), xylenes/
ethylbenzene (C8H10), and xylenols (C8H10O) as well as for B2
the ion C3H7
+. The emissions from B3 are clearly dominated by
benzene with signiﬁcant contributions from naphthalene
(C8H10) and toluene, and minor contributions from benzalde-
hyde, xylene/ethylbenzene, methylnaphthalene (C11H10) and
indene (C9H8). These diﬀerences in emissions can be explained
by diﬀerent maturities of the coals (Table 1) leading to increased
layering of the aromatic rings, as explained in the study of Achten
and Hoﬀmann.30 The diﬀerence in the chemical composition
between B1, B2, and B3 can also be seen from the H:C and O:C
ratios of the primary NMOG emissions. The H:C and O:C ratios
(as seen with the PTR-ToF-MS) of B1, B2, and B3 are 1.17 and
0.07, 1.18 and 0.08, and 1.03 and 0.04, respectively. The H:C
ratios of the emissions are slightly higher than the ones reported
by Van Loo and Koppejan32 for raw coal itself (0.4−1), but the
O:C ratios lie well within the range of the bituminous coals
(0.01−0.2) with B1 and B2 being more in the sub-bituminous
range and B3 being at the lower end, closer to the ratios of the
anthracite coals. This suggests that the emitted compounds
already exist in the coals rather than being formed during the
combustion. Nelson and Tyler31 propose that at temperatures
above 600 °C long-chain polymethylene groups in the coal
decompose and release the aromatics which are bound to them.
Reference spectra of the ﬁve coals can be found in the Supporting
Information (Figure S4).
Another inﬂuence on the chemical composition of the
emissions arises from the temperatures during the starting
phase (Figure 4), which contributes to the variations in relative
composition observed across all experiments (Figure 3). More
speciﬁcally, the relative contribution of oxygenated aromatics
decreases with increasing temperature, while the reverse is true
for the nonoxygenated aromatics (Figure 4A). The relative
contributions of hydrocarbons, other compounds (strongly
inﬂuenced by hydrocarbon fragments) and oxygen containing
compounds decreases while the relative contribution of carbon-
yls also increases with temperature. The decrease of the
oxygenated aromatics is mostly manifested in a declining relative
contribution of the cresols and xylenols while the increase in
nonoxygenated aromatics mostly relates to an increase in
benzene and toluene. Phenol also increases slightly while the
relative contribution of the xylenes is constant. This ﬁts well with
ﬁndings about the changing yields of aromatic compounds
during pyrolysis of coal with changing temperature reported by
Nelson and Tyler.31 In that study the authors reported a steep
increase of benzene and toluene yields with increasing
temperature while the yield of the cresols stayed constant or
even declined (due to decomposition) within our temperature
range (since our temperatures were measured above the coal we
expect them to be lower than the ones reported by Nelson and
Tylor31 for the pyrolysis). Also the ﬁnding that the emissions of
alkanes declines with temperature is supported by Nelson and
Tylor reporting a strong decline of alkane yields with
temperatures increasing above 500 °C. This shows the need
for the estimation of the SOA potential from coal combustion
precursors generated from combustion at diﬀerent temperatures
to understand if this change in composition inﬂuences the SOA
production and thus could be used to reduce particulate air
pollution through secondary aerosol formation from coal
combustion.
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